The tunability of semi-conductivity in SrTiO 3 single crystal substrates has been realized by a simple encapsulated annealing method under argon atmosphere. This high temperature annealing-induced property changes are characterized by the transmission spectra, scanning electron microscopy (SEM) and synchrotron-based X-ray absorption (XAS). We find the optical property is strongly influenced by the annealing time (with significant decrease of transmittance). A sub gap absorption at~427 nm is detected which is attributed to the introduction of oxygen vacancy. Interestingly, in the SEM images, annealing-induced regularly rectangle nano-patterns are directly observed which is contributed to the conducting filaments. The XAS of O K-edge spectra shows the changes of electronic structure by annealing. Very importantly, resistance switching response is displayed in the annealed SrTiO 3 single crystal. This suggests a possible simplified route to tune the conductivity of SrTiO 3 and further develop novel resistance switching materials.
Introduction
Recently, resistive random access memories (RRAMs), possessing excellent miniaturization potential, fast operation speed and strong endurance, have attracted considerable attentions in virtue of the most promising alternative to the high-density and low-cost future data storage in the non-volatile memory market and logic circuits [1, 2] . RRAMs are based on the resistive switching (RS) effect, where the tunable resistance of materials can be reversibly controlled under an electric field. However, the switching mechanism is still under debate. In macroscopic respect, the Schottky barrier contact between metals and oxide semiconductors is an important research branch, which is thought to be critical to tune the resistance state [3] [4] [5] . In the microscopic respect, dislocation-related conductive filaments are confirmed to be the main contributions [6] [7] [8] [9] [10] [11] while Celano et al. observed the non-filamentary resistive switching (also called areal switching) behavior [12] . Therefore, how to deliberately create the resistive switching property is a fundamental issue in obtaining a stable resistive device.
The perovskite oxides become the intensely investigated materials due to the easy manipulation of conductivity [13] . Neighbouring atom substitution is the regular method to induce carrier doping to change the insulating natural property, such as Nb:SrTiO 3 , La 0.7 Sr 0.3 MnO 3 , Fe:SrTiO 3 etc., systems [1, 3, 14] . Additionally, the post treatments, like high temperature annealing, laser irradiation, and ion bombardment are the common ways to introduce vacancies/dislocations in the materials [8, [15] [16] [17] [18] . Pan et al. observed resistive switching behavior in SrTiO 3 single crystal after a relative high flux of laser irradiation. The generation of enough oxygen vacancies forms the conductive filaments [18] . Psiuk et al. reported that the conductive layer formed effectively through surface modification under low energy Ar + sputtering [16] . To reveal the interaction between oxygen vacancies and dislocations in SrTiO 3 single crystals, Schraknepper et al. carried out the oxygen tracer diffusion experiment above 1000 K. They proposed three features in the SrTiO 3 layer depending on the depth from surface to bulk and the discovery arrays of dislocations [7] . Crespillo et al. applied another useful technique, the MeV ion irradiation to create the oxygen vacancy disorder in the SrTiO 3 and reveal the modification of the electronic properties [19] [20] [21] . The optical identification of oxygen vacancies in the SrTiO 3 has been clearly demonstrated through a red luminescence signature at 2.0 eV, which is related to the self-trapped Ti 3+ polarons at isolated oxygen vacancies [19] [20] [21] [22] . A 2.8 eV emission band has been detected and attributed to the recombination of free (conduction) electrons with an in-gap level, identified as the ground state level of the self-trapped excition center [23] .
Compared to the conventional thermal annealing in vacuum, which is energy-consuming and requires a complicated setup to obtain a high vacuum level, we employ an easy and fast operation for annealing. A simple oxyacetylene heating system is used to seal the sample into a quartz capsule first, then the samples are annealed in the ambient atmosphere. The details are described in the experimental section. Our results show that this simple, energy-conservation method not only generates oxygen vacancies, but also creates interesting rectangle-shape nano-patterns which introduce the resistance switching behavior in the SrTiO 3 single crystals.
Materials and Methods
One-side polished SrTiO 3 (001) single crystal substrates (10 × 5 × 0.5 mm 3 ) are purchased from Hefei Kejing Materials Technology Co., LTD (Hefei, China). All the SrTiO 3 substrates are cleaned in alcohol by ultrasonic and dried; afterwards they are put into every quartz capsule and evacuated twice, then backfilled with argon gas and sealed with the pressure around 10 4 Pa. The quartz capsules with the samples in are placed into the furnace and annealed at 1000 • C for 6 h, 12 h, 18 h, and 24 h, respectively. Therefore, the four annealed SrTiO 3 substrates are labeled as "6 h", "12 h", "18 h", and "24 h" hereinafter. An "as received" SrTiO 3 substrate (without annealing) is also measured for comparison. The morphologies of the formed surface structures are characterized by SEM (LEO 1530, Zeiss, Jena, Germany), with an operating voltage of 20 kV) and AFM (carried out in air by using the Multimode Nanoscope III equipment in tapping mode). XAS spectra are acquired in the 4B9B beamline in Beijing Synchrotron Radiation Facility (BSRF). The 4B9B beamline is equipped with Scienta R4000 electron energy analyzer (VG Scienta, Uppsala, Sweden) and is operated in ultra-high vacuum conditions: base pressure in the analysis chamber is~1.0 × 10 −10 Torr. O K-edge are collected from 525 eV to 560 eV via the total electron yield mode with the energy step of 0.2 eV. The XAS spectra shown here are smoothed but with the original shape. For the fabrication of the RRAM device, the patterned Au electrode with the size of 5 mm × 1 mm is thermally deposited and the Ag electrode is silver glue with the diameter of about 2 mm. The current voltage curves are measured by a Keithley 2400 source meter.
Results and Discussions
High temperature annealing imposes a strong influence on the SrTiO 3 single crystal. As we know, the stoichiometric SrTiO 3 is a white transparent insulator with a bandgap of 3.2 eV [24] . After high temperature annealing, the color of four SrTiO 3 samples changes from white to yellowish or Materials 2019, 12, 3698 3 of 9 blackish which indicates the introduction of defects and the enhancement of absorption coefficient as the annealing induced reduction. As shown in Figure 1 , the optical transmittance of the "as received" SrTiO 3 substrate reaches 80% comparing to a significant decrease of the annealed ones. For the "6 h" sample, the optical transmittance drops to as low as 20%, while for the "12 h", "18 h" and the "24 h" samples, the optical transmittance increases back to around 50% and 30% under the extensive annealing. Therefore, the optical transmittances are not inversely proportional to the annealing time. As discussed in the previous reports, high temperature annealing in the reduced atmosphere is the common method to introduce the oxygen vacancies as well as the conductivity of the oxides. In our work, the annealing occurs in the low pressure of argon atmosphere which plays the similar function. However, the oxygen atoms will not escape from the oxide surface with prolonged annealing time. Szot et al. observed this phenomena in SrTiO 3 single crystal under vacuum annealing and they revealed that it was a self-healing phenomenon in which the initially generated density of vacancy defects and related charge carriers are dramatically decreased at 800 • C [25] . Hence, we speculate that self-healing behavior occurs during our annealing procedure which creates different concentrations of oxygen vacancies. Additionally, the varied optical transmittances are the evidence of the concentration of the defects. In Figure 1 , the derived bandgap is 3.24 eV which suggests a stoichiometric SrTiO 3 single crystal. Furthermore, a sub-absorption located at 2.91 eV (marked by the black arrow) is created under high temperature annealing. This sub band is 0.3 eV narrower than the band gap of stoichiometric SrTiO 3 which indicates the existence of defect states in the bandgap. Cuong et al. obtained the similar results by using the first principle calculations in oxygen-deficiency SrTiO 3 [26] . blackish which indicates the introduction of defects and the enhancement of absorption coefficient as the annealing induced reduction. As shown in Figure 1 , the optical transmittance of the "as received" SrTiO3 substrate reaches 80% comparing to a significant decrease of the annealed ones. For the "6 h" sample, the optical transmittance drops to as low as 20%, while for the "12 h", "18 h" and the "24 h" samples, the optical transmittance increases back to around 50% and 30% under the extensive annealing. Therefore, the optical transmittances are not inversely proportional to the annealing time.
As discussed in the previous reports, high temperature annealing in the reduced atmosphere is the common method to introduce the oxygen vacancies as well as the conductivity of the oxides. In our work, the annealing occurs in the low pressure of argon atmosphere which plays the similar function. However, the oxygen atoms will not escape from the oxide surface with prolonged annealing time. Szot et al. observed this phenomena in SrTiO3 single crystal under vacuum annealing and they revealed that it was a self-healing phenomenon in which the initially generated density of vacancy defects and related charge carriers are dramatically decreased at 800 °C [25] . Hence, we speculate that self-healing behavior occurs during our annealing procedure which creates different concentrations of oxygen vacancies. Additionally, the varied optical transmittances are the evidence of the concentration of the defects. In Figure 1 , the derived bandgap is 3.24 eV which suggests a stoichiometric SrTiO3 single crystal. Furthermore, a sub-absorption located at 2.91 eV (marked by the black arrow) is created under high temperature annealing. This sub band is 0.3 eV narrower than the band gap of stoichiometric SrTiO3 which indicates the existence of defect states in the bandgap. Cuong et al. obtained the similar results by using the first principle calculations in oxygen-deficiency SrTiO3 [26] . In order to fully understand the influence of high temperature annealing on the surface morphology, SEM images are taken (shown in Figure 2 ). For comparison, the "as received" SrTiO3 sample is measured (not shown here). The surface is smooth without obvious microstructure which is the initial appearance of the commercialized polished substrate. After annealing, regular rectangleshape nanostructure patterns are clearly observed. For the "6 h" and "18 h" samples, short and crossed bright stripes are created; while for the "12 h" and "24 h" samples, the stripes become sharp and elongated. This feature has been reported in previous publications. Szot In order to fully understand the influence of high temperature annealing on the surface morphology, SEM images are taken (shown in Figure 2 ). For comparison, the "as received" SrTiO 3 sample is measured (not shown here). The surface is smooth without obvious microstructure which is the initial appearance of the commercialized polished substrate. After annealing, regular rectangle-shape nanostructure patterns are clearly observed. For the "6 h" and "18 h" samples, short and crossed bright stripes are created; while for the "12 h" and "24 h" samples, the stripes become sharp and elongated. This feature has been reported in previous publications. Szot et al. directly observed a network of extended defects/dislocations distributed for the first tens of µm from the surface to bulk of SrTiO 3 single crystal by local-conductivity atomic force microscopy (LC-AFM) [10, 25] . Shablaev et al. studied the unsteady-state in the high resistance SrTiO 3 because of the network of conductive nanowires [27] .
In the uniaxial compression experiments, a general increase of dislocation densities appears when SrTiO 3 single crystal is deformed at higher temperature [17] . Dislocations are always introduced by high temperature annealing as well as the distorted lattice in SrTiO 3 [25] . Combined with our work on the SrTiO 3-δ system, we find that oxygen vacancies tend to align into a chain by using first-principles calculations and the creation of lattice distortion [28] . Therefore, we speculate that these nanostructured-crossed patterns on the SrTiO 3 are correlated to the defect dislocations. As exhibited in Figure 1 , the "6 h" and "18 h" samples display low transmittance. The condensed and short network patterns suggest more defects are induced which well explains this observation. bulk of SrTiO3 single crystal by local-conductivity atomic force microscopy (LC-AFM) [10, 25] . Shablaev et al. studied the unsteady-state in the high resistance SrTiO3 because of the network of conductive nanowires [27] . In the uniaxial compression experiments, a general increase of dislocation densities appears when SrTiO3 single crystal is deformed at higher temperature [17] . Dislocations are always introduced by high temperature annealing as well as the distorted lattice in SrTiO3 [25] . Combined with our work on the SrTiO3-δ system, we find that oxygen vacancies tend to align into a chain by using first-principles calculations and the creation of lattice distortion [28] . Therefore, we speculate that these nanostructured-crossed patterns on the SrTiO3 are correlated to the defect dislocations. As exhibited in Figure 1 , the "6 h" and "18 h" samples display low transmittance. The condensed and short network patterns suggest more defects are induced which well explains this observation. Furthermore, AFM measurement (shown in Figure 3 ) is conducted to investigate the surface roughness. High temperature annealing imposes a little effect on the roughness. The surface is still quite flat with the RMS roughness of the four SrTiO3 crystals as 0.28 nm, 0.20 nm, 0.53 nm and 0.19 nm, respectively, which is quite different from obvious surface roughness generation by laser annealing [18] . Small surface roughness facilitates the electrode contact. The sort of large roughness of the "18 h" might be due to the scratch on the surface. The stripes-like patterns can also be seen. Furthermore, AFM measurement (shown in Figure 3 ) is conducted to investigate the surface roughness. High temperature annealing imposes a little effect on the roughness. The surface is still quite flat with the RMS roughness of the four SrTiO 3 crystals as 0.28 nm, 0.20 nm, 0.53 nm and 0.19 nm, respectively, which is quite different from obvious surface roughness generation by laser annealing [18] . Small surface roughness facilitates the electrode contact. The sort of large roughness of the "18 h" might be due to the scratch on the surface. The stripes-like patterns can also be seen.
To further exam how the high temperature annealing impacts the electronic structure of SrTiO 3 crystals, synchrotron-based XAS of O K-edge is carried out as shown in Figure 4 . O K-edge represents the transition from O 1s core level to the unoccupied O 2p level. Due to the hybridization effect, this absorption spectrum is divided into three regions [29] [30] [31] . The region above the threshold is assigned to the transition from O 1s states to O 2p states hybridized with Ti 3d states. The energy between 536-542 eV is attributed to the transition from O 1s orbitals to hybridized O 2p + Sr 4d orbitals. The broadening spectra at the higher energy region are predominated by the excitation to Ti 4sp states. Due to the crystal field effect, the split of Ti 3d two bands (t 2g and e g ) is about 2.4 eV, which is in good agreement with the report on SrTiO 3 films [30] . As highlighted by the grey rectangle background in Figure 3 , the e g peak is broadening at the high energy side after annealing compared to the "as received" SrTiO 3 . Gautam el al. suggested that the e g band is quite sensitive to the local environment, since in the octahedron the central Ti e g orbitals point directly toward to the 2p orbitals of the surrounding O atoms [29] . Palina et al. reported that the generation of defects such as oxygen vacancies, induces delocalized electrons which leads to the broadening of the corresponding resonance peak [32] . Therefore, our O K-edge further reflects that the high temperature annealing introduces oxygen defects. To further exam how the high temperature annealing impacts the electronic structure of SrTiO3 crystals, synchrotron-based XAS of O K-edge is carried out as shown in Figure 4 . O K-edge represents the transition from O 1s core level to the unoccupied O 2p level. Due to the hybridization effect, this absorption spectrum is divided into three regions [29] [30] [31] . The region above the threshold is assigned to the transition from O 1s states to O 2p states hybridized with Ti 3d states. The energy between 536-542 eV is attributed to the transition from O 1s orbitals to hybridized O 2p + Sr 4d orbitals. The broadening spectra at the higher energy region are predominated by the excitation to Ti 4sp states. Due to the crystal field effect, the split of Ti 3d two bands (t2g and eg) is about 2.4 eV, which is in good agreement with the report on SrTiO3 films [30] . As highlighted by the grey rectangle background in Figure 3 , the eg peak is broadening at the high energy side after annealing compared to the "as received" SrTiO3. Gautam el al. suggested that the eg band is quite sensitive to the local environment, since in the octahedron the central Ti eg orbitals point directly toward to the 2p orbitals of the surrounding O atoms [29] . Palina et al. reported that the generation of defects such as oxygen vacancies, induces delocalized electrons which leads to the broadening of the corresponding resonance peak [32] . Therefore, our O K-edge further reflects that the high temperature annealing introduces oxygen defects. From the above discussion, high temperature annealing creates defects in the SrTiO3 which should significantly enhance the corresponding conductivity. To gain further insight into the annealing effect, a "24h" SrTiO3-based device (inset of Figure 5a ) is fabricated to measure its resistance switch behavior. Resistive switching behavior are measured upon applied voltages. The sweep mode follows 0→5 V→0→−5 V→0 cycle with the bias voltage of 4 V and 5 V. As shown in Figure 5a , an asymmetric rectifying I-V characteristics with large hysteresis is observed. In semi log scale, a butterfly-like hysteresis loop is exhibited in Figure 5b . This I-V behavior demonstrates that From the above discussion, high temperature annealing creates defects in the SrTiO 3 which should significantly enhance the corresponding conductivity. To gain further insight into the annealing effect, a "24h" SrTiO 3 -based device (inset of Figure 5a ) is fabricated to measure its resistance switch behavior.
Resistive switching behavior are measured upon applied voltages. The sweep mode follows 0→5 V →0→−5 V→0 cycle with the bias voltage of 4 V and 5 V. As shown in Figure 5a , an asymmetric rectifying I-V characteristics with large hysteresis is observed. In semi log scale, a butterfly-like hysteresis loop is exhibited in Figure 5b . This I-V behavior demonstrates that the resistance switch is induced by the high temperature and converts between the high resistance state and the low resistance state. The current increases with the bias voltage of 5 V to 4 V. Bailey et al. initiated the highly insulating SrTiO 3 film to a semiconducting film by a bias-applied (2-5 V) sweep at the first initial stage like electron-forming in many reports [18, 33, 34] . They also observed that the device current and hysteresis behavior were strongly dependent on the bias-voltage. The asymmetric I-V feature might be explained by the different interface barrier height due to the application of electrodes (Au and Ag) [35, 36] . The other SrTiO 3 samples with different annealing times also displayed similar resistive switching behavior (not shown here). Due to the fast release (within 5 min) of oxygen vacancies from SrTiO 3 single crystal [25] , more deliberately annealing procedures are needed to further analyze the effect of annealing time for resistive switching. For the SrTiO3-based resistance switch, the basic step is the introduction of defects to increase the conductivity by various treatments, while the mechanism is still without consensus [33, [37] [38] [39] [40] . The generation of dislocation/vacancies is confirmed in the samples and reached a well agreement. However, the unclear part is how these defect movements/transportations contribute to the resistance switch. Due to the donor character of the oxygen vacancy, Pan et al. reported the newly formed networks conductive filaments and the oxygen vacancies contribute to the electron carriers [18] . This viewpoint can be further supported by the lower oxygen vacancy formation energy at the dislocation core [9] . Therefore, the local changes of electrical properties induced by the dislocations was not because of the preferably faster kinetics of oxygen migration (pipe diffusion), but simply because of the structure-driven easier reducibility [9] . Rodenbucher et al. observed that the current is channeled along the extend dislocations directly by thermal microscopy. From our results, we prefer to attribute the resistance switch to the oxygen vacancies formed filaments based on the direct observation of the regular rectangle nanostructures in the SEM images.
Conclusions
In our work, we have obtained the reduced SrTiO3 single crystal by applying a simple and feasible annealing method. The small absorption above the absorption edge indicates the creation of defect states in the bandgap. Combing the regular rectangle nanostructures in the SEM image and electronic structure changes in the X-ray absorption spectra of O K-edge, we propose the resistance switch behavior of the annealed SrTiO3-based device is originated from the newly formed conductive nano-networked filaments. This study suggests that the new, simple and easily-operated approach has successfully induced the resistance switch characteristic into the SrTiO3 insulator. For the SrTiO 3 -based resistance switch, the basic step is the introduction of defects to increase the conductivity by various treatments, while the mechanism is still without consensus [33, [37] [38] [39] [40] . The generation of dislocation/vacancies is confirmed in the samples and reached a well agreement. However, the unclear part is how these defect movements/transportations contribute to the resistance switch. Due to the donor character of the oxygen vacancy, Pan et al. reported the newly formed networks conductive filaments and the oxygen vacancies contribute to the electron carriers [18] . This viewpoint can be further supported by the lower oxygen vacancy formation energy at the dislocation core [9] . Therefore, the local changes of electrical properties induced by the dislocations was not because of the preferably faster kinetics of oxygen migration (pipe diffusion), but simply because of the structure-driven easier reducibility [9] . Rodenbucher et al. observed that the current is channeled along the extend dislocations directly by thermal microscopy. From our results, we prefer to attribute the resistance switch to the oxygen vacancies formed filaments based on the direct observation of the regular rectangle nanostructures in the SEM images.
In our work, we have obtained the reduced SrTiO 3 single crystal by applying a simple and feasible annealing method. The small absorption above the absorption edge indicates the creation of defect states in the bandgap. Combing the regular rectangle nanostructures in the SEM image and electronic structure changes in the X-ray absorption spectra of O K-edge, we propose the resistance switch behavior of the annealed SrTiO 3 -based device is originated from the newly formed conductive nano-networked filaments. This study suggests that the new, simple and easily-operated approach has successfully induced the resistance switch characteristic into the SrTiO 3 insulator. 
